Abstract Plant diaspores, tissues and wood are preserved in natural and anthropogenic sediments. Also, over the past centuries, plants have been collected in herbaria. These plant remains carry macroscopic and molecular information, making them a rich source for reconstructing past plant use, agriculture, diet or vegetation-they are thus proxies for past economies, ecology, migrations or trade. This article focuses on the application of ancient DNA analyses from plants excavated at Holocene archaeological sites. A short methodological section is added to illustrate possibilities and limitations of ancient DNA research in plants.
Introduction
After death DNA is degraded by various biotic and abiotic processes, resulting in fragmentation and modification of original sequence information. The very details of the whole process of DNA preservation and the mode of modifications at sequence level are still subject to research (Gilbert et al. , 2007a Pääbo et al. 2004; Hansen et al. 2006; Stiller et al. 2006) . It has emerged however, that cold, dry and/or low oxygen environments are beneficial for DNA survival; for this reason, freshly excavated material is best stored cold or frozen (Burger et al. 1999; Smith et al. 2001; Pruvost et al. 2007 ). These DNA fragments still contain information which may help us to understand agricultural or vegetation history.
Archaeobotanists reconstruct the past by morphological analysis of all types of plant remains. Interpretation of botanical remains through morphological evidence has many advantages: the analysis is comparatively quick, technically simple and extensive reference collections are available to help interpretation. It does, however, also have some limitations. In the cases discussed below, substantial new information may be gained from ancient DNA (aDNA) research.
1. Archaeobotanical reconstructions depend on the level of identification of plant species and on their chance of being preserved in the archaeological record (Jacomet and Kreuz 1999) . In the archaeological record, plant remains are preserved charred, waterlogged, desiccated or mineralized, depending on geography or on the context excavated. The chances of a plant species being detected and morphologically identified to a certain taxonomical level are strongly influenced by the type of preservation and by the plant's morphology. Thus, both have a major impact on any conclusions to be drawn. In cereals, examples of ambiguity in morphological features, even at ploidy level, are the grains of so-called naked wheat common in the Neolithic (Jacomet and Schlichtherle 1984; Maier 1996; Zohary and Hopf 2000) or the ''new glume wheat'' found so far at Neolithic and Bronze Age sites Kohler-Schneider 2003) . The latter might be an extinct wheat cultivar or evenas suggested by aDNA-a wheat related to Triticum timopheevii with the G genome (Brown et al. 1998 ).
Other types of remains, such as tubers, tissue or fibres, are also inherently morphologically not very distinctive. In all cases, DNA can help to shed light on species diversity during different cultural periods by typing species-specific genomic regions. 2. In all but a few cases, it is unclear whether observed morphological diversity of diaspores can be ascribed to the location of the seed in the flower, to preservation conditions, to being the result of environmental conditions, or whether such differences in morphology are related to genetic diversity which could then point to the presence of landraces of crops. Charred wheat grains are good examples of diverse morphological forms within one taxon (Jacomet et al. 1989) . aDNA research can clarify such cases by investigation of genetic diversity within samples of a species from a defined context. 3. The evaluation of the importance of trade versus local agricultural diversity is complicated because it is difficult to establish whether cultivated plants were grown locally, or if they were imported from other regions. This point is particularly interesting at cultural transitions, when new edible plants appear. Examples are the many fruit species found north of the Alps in Roman times. aDNA can help to identify the origin of ancient plant remains through analysis of alleles or haplotypes known to have a geographically structured distribution in a taxon. 4. Understanding the process of domestication is still an important issue in archaeology (e.g. Zeder 2006; Zeder et al. 2006) . Some traits of domestication are morphologically visible, such as the brittle rachis in cereals, but many are not. It remains unclear in which order and at which time points these traits were selected, unless they left a visible signature on well-dated archaeological remains. When the genes that have been selected during domestication have been identified, they can be studied in ancient plant remains and help the understanding in more detail of how domestication occurred. Through this analysis information can also be gained on the spread of domesticates and the status of selection of a plant at the onset of its spread. This is also true for the detection of selection for the dietary or medicinal values of plants, which can be studied through the genes important for metabolic pathways or economic traits in archaeological plant remains.
Although modern genetic studies have made major contributions to our understanding of, for example, modes of domestication, migrations or biogeography (e.g. ArroyoGarcia et al. 2006; Luo et al. 2007; Morrel and Clegg 2007) , the value of ancient plant DNA studies is clear. Firstly, they allow the detection in situ and at a precise time of earlier temporal and spatial occurrences of species and their biodiversity, their migration and the routes involved. This is also valuable in respect of preserving lost genetic diversity information (Hodkinson et al. 2007 ). Secondly, they can provide the confirmation or rejection of models from modern DNA studies. Thirdly, aDNA is our only source of information in cases where wild ancestors or ancient cultivars are extinct. Fourthly, they are independent of recent cultural impact, and finally, aDNA studies enable us to test historical written sources (e.g. Vouillamoz et al. 2006 ).
Potential of plant ancient DNA-studies of plant ancient DNA
Most publications on plant aDNA in relation to archaeology focus on cultivated plants (see reviews Brown et al. 1993; Jones et al. 1996; Brown 1999; Jones and Brown 2000) . A few focus on wild plants, such as forest trees (see reviews Parducci and Petit 2004; Gugerli et al. 2005; Bennett and Parducci 2006) . Regrettably, archaeological plant remains have attracted less attention from aDNA researchers than animal or human remains. And, just as in animal and human aDNA research, so far topics have often only been investigated briefly, studies rarely being followed up or satisfactorily completed.
In the following section, we give an overview of research that has been carried out on ancient plants, without discussing the reliablity of the individual papers (see ''Verification in plant ancient DNA research''). This is because even with all the criteria of authenticity fulfilled (Cooper and Poinar 2000) , the authenticity of aDNA can never be fully guaranteed (Gilbert et al. 2005) . In general, one can say that the earlier studies in the field used less stringent methods and arguments for authentication of aDNA results, while in the more recent studies, the lessons on contamination prevention and authentication learnt since then have been incorporated. Both aspects (prevention of contamination and authentication of results) must be kept in mind when judging the literature on aDNA.
Cultivated plants-cereals and fruits
At European archaeological sites cereals are mainly preserved in a charred condition. Grains and chaff predominate, ears are rare. Any study of the history of cereal crops in Europe and the Near East would have to to be based on charred material. One of the economically important traits of wheat is the visco-elastic property of wheat dough, which is influenced by wheat storage proteins. These are highly variable, and certain glutenin alleles, e.g. those situated on the D-genome of wheat, have better bread-making qualities than others (Payne 1987) . Hexaploid wheat such as Triticum aestivum is used today for bread-making, whereas tetraploid T. durum is used for making pasta. In the case of morphologically ambiguous wheat grains (Triticum species), genetic identification of wheat genomes by amplification of a genome-specific partial promoter region of the high molecular weight (HMW) glutenin subunit genes has aided in species designation by identification of ploidy level Brown et al. 1998; Schlumbaum et al. 1998; Allaby et al. 1999) . Thus, for example, the presence of hexaploid wheat was established at one of the Neolithic lakeshore settlements in Switzerland (Schlumbaum et al. 1998) .
In certain regions, crop plants may survive through desiccation in deserts or in caves. Investigations of DNA from plant remains from archaeological sites in Egypt have been reported for radish (O'Donoghue et al. 1996) , sorghum (Deakin et al. 1998a, b) and papyri . In the case of maize (Zea mays), its origin, its domestication and impact on diversity, and its subsequent spread over the American continent form one central topic in molecular genetic and archaeobotanical research (Benz 2001; Piperno and Flannery 2001; Doebley 2004) . The first attempt to shed light on maize diversity used analysis of transposable elements (Mu) in pre-Columbian maize kernels (Rollo et al. 1994) . The manner in which domesticated maize spread into and within South America was inferred from DNA analyses of allelic diversity in the alcohol dehydrogenase (adh) gene and of microsatellite loci in modern landraces and in desiccated maize cobs excavated in caves (Freitas et al. 2003; Lia et al. 2007) .
A genetic comparison of modern domesticated plants with their ancestors opens up the possibility of identifying traits which have been selected during domestication. In maize, such genes have been identified and are characterized by reduced diversity in maize landraces and inbred maize in comparison to their wild ancestor teosinte (Wang et al. 1999; Vigouroux et al. 2002; Whitt et al. 2002; Wang et al. 2005) . The analysis in ancient maize remains of short fragments within these genes makes it possible to investigate approximately when the alleles common in modern maize were selected, and at which time other alleles which are only known from teosinte were still present in the population. So far, three such selected genes have been studied in maize cobs preserved through desiccation. These genes affect not only plant morphology but also the quantity and quality of starch and proteins in ancient maize and were found to be already selected 4,400 years ago (Jaenicke-Després et al. 2003) .
Ancient DNA investigations relating to the domestication of rice are summarised in Jones and Brown (2000) .
Recently first attempts were made to understand the beginnings of horticulture in Europe. The growing of grapes (Vitis vinifera) and production of wine is a good example of the study of regional traditions versus the influence of ''foreign'' cultures. V. vinifera is propagated vegetatively, probably since ancient times. Surprisingly little genetic homogenization took place despite large cultivar diversity and intensive breeding of new cultivars, since microsatellite variability in modern cultivars is known to be structured geographically and at cultivar level (Sefc et al. 2000; Aradhya et al. 2003; This et al. 2004 ). This permits speculation about the origin of historically known cultivars (Vouillamoz et al. 2006 ) and comparison with ancient cultivars. Microsatellite loci have been used to investigate the origins of V. vinifera seeds preserved by waterlogging and charring at several European Celtic, Greek and Roman sites. At all sites there was evidence of wine production. Amplification of as few as two or three microsatellite loci already permitted tentative assignments of the origins of the wine plant in a defined archaeological context (Manen et al. 2003) .
Another exciting opportunity is the use of geographically distributed genetic markers discovered in modern wild or domestic species. This approach has been successfully used to trace the introduction of bottle gourd (Lagenaria siceraria) into the Americas from Asia as early as cal. 8900 B.P. (Erickson et al. 2005 ) by studying single nucleotide polymorphisms (SNPs) in chloroplast trn intergenic spacer regions.
Some studies have hinted at the potential for gaining information using aDNA by demonstrating the feasibility of future studies in waterlogged plant remains with a woody exocarp. For example in the Northern Alpine region, the beginning of fruit-growing coincided with the Roman occupation (Jacomet and Mermod 2002) and formed the start of an agricultural development that still leaves its mark on the regional agriculture today. At the archaeological sites in this region, fruit-stones of Prunus domestica, P. insititia, P. persica and other species are abundant and preserved mainly by waterlogging. In a first study of morphologically ambiguous Prunus fruit stones which were either wild P. spinosa or cultivated P. insititia, the maternal parent was identified as wild sloe (Pollmann et al. 2005) . One advantage of Prunus fruit stones for aDNA studies is that they are large enough for separate analysis of maternal tissues, and for replicated results from the same individual stone. Another example is the successful DNA analysis of waterlogged olive fruit stones Veget Hist Archaeobot (2008) 17:233-244 235 (Elbaum et al. 2005) , which opens up the possibility for understanding the complex domestication history of this species.
Although it is not the focus of this review, useful information can also be gained from herbarium specimens and other desiccated medieval or historical plant materials. Landraces, which are available from seed banks and go back to the early twentieth century, although much younger than archaeological samples, pre-date the industrial revolution and large-scale modern breeding efforts. They thus provide meaningful information on the status quo ante and on plant phylogeny. Very interestingly, they also provide information on the presence and evolution of plant pathogens, which of course have had a major impact on agricultural societies (Rogers and Bendich 1985; Bruns et al. 1990; Rogers 1994; Taylor and Swann 1994; Savolainen et al. 1995; Ristaino et al. 2001; Blatter et al. 2002b; Ristaino 2002 ).
Vegetation and diet
In archaeobotany, changes in vegetation are studied by investigating pollen from sediment cores-so far only few researchers have made use of this type of plant remains. Coniferous pollen from sediment cores was reported to contain DNA (Suyama et al. 2003; Parducci et al. 2005) . Reconstruction of temporal vegetation changes was attempted from faeces (Hofreiter et al. 2003 ) and the potential of genetic analysis of frozen sediments for the reconstruction of past vegetation over thousands of years in correlation to climate changes was demonstrated . For these types of study vertical migration of DNA must be controlled (Haile et al. 2007) The analysis of aDNA from trees (Liepelt et al. 2006 ) opens up not only the possibility of investigating the evolution of genetic diversity in tree populations through time (Tani et al. 2003 ) but also of reconstructing the geographic origin of timber used at a particular site. Thus it proved possible to establish the regional provenance of oaks used in constructions at several European sites (DumolinLapègue et al. 1999; Deguilloux et al. 2003) .
aDNA analyses of complex plant mixtures, as found for example in faeces (Poinar et al. 1998; Hofreiter et al. 2000; Poinar et al. 2001; Kuch et al. 2002; Hofreiter et al. 2003; Iniguez et al. 2003) , demonstrate the potential of aDNA studies and of collaboration between geneticists and morphologists for the reconstruction of diet. Even more information has been gained from faeces by employing both types of investigation. Apart from faeces, gut contents have been used to reconstruct diet genetically .
Methodological aspects of plant ancient DNA

Plant genomes
Plants have three genomic compartments: nucleus, mitochondria and chloroplasts, each differing in mutation rates and with complex modes of inheritance. Plants can be diploid, but also polyploid or can have genome duplications. They reproduce sexually and multiply vegetatively. Different species can hybridize. Propagation involves inbreeding or outcrossing, and plant spatial dispersal is mediated through different vectors such as wind, insects, birds or mammals-all of which influences the gene flow. All these plant-specific features have to be taken into account in plant aDNA studies.
Methods
In brief, the procedure for aDNA analysis in plants is as follows: excavation, morphological description, external cleaning if possible, powdering, DNA extraction, amplification of chosen target region within the plant's genome(s) by polymerase chain reaction (PCR), gel electrophoresis to establish presence of correct product size, cloning and sequencing, and verification.
Ideally, samples are taken directly at the excavation, taking care to prevent contamination from the environment (see ''Verification in plant ancient DNA research''; Yang and Watt 2005) . Detailed morphological documentation is needed as DNA investigations are destructive. Samples should be then stored cold or frozen to slow further DNA degradation (Burger et al. 1999; Poinar 2002; Pruvost et al. 2007 ). In the case of large, robust plant remains such as fruit stones external decontamination with bleach or UV light can be done before DNA analysis. Plant material is powdered by a Retch mill, mortar and pestle or other destructive methods. If possible, several hundred milligrams should be processed from ten individuals or more, to establish initial DNA preservation, followed ideally by analysis of individual specimens.
At present, there are no preferred extraction methods for ancient plant material, nor is there any comprehensive comparison of protocols, such as exists for animals (Rohland and Hofreiter 2007) . CTAB/DTAB methods, silica-based methods or DNA extraction kits are employed (Allaby et al. 1997; Schlumbaum et al. 1998; DumolinLapègue et al. 1999; Blatter et al. 2002b; Jaenicke-Després et al. 2003; Manen et al. 2003; Pollmann et al. 2005; Liepelt et al. 2006) . These methods for DNA extraction were developed taking into account that plant parts are rich in secondary byproducts, sugars and other potential inhibitors of PCR. Modifications, such as the use of PTB (N-phenacylthiazolium bromide), are suggested in cases where Maillard products are expected (Poinar 2002 ). However, in animal studies, PTB and other additives have been shown to be neither advantageous nor disadvantageous (Rohland and Hofreiter 2007 ). Dilution of extracts or an increase of the amount of Taq polymerase is often sufficient to overcome PCR inhibition. For genetic analysis, universal or specific plant genome target sequences are chosen, depending on the goal of the project (see ''Examples of markers used in ancient DNA studies''). So far, in aDNA studies targets have been amplified in single PCRs, cloned and sequenced.
Sequencing after cloning is still the method of choice, to account for modifications due either to polymerase errors or DNA post-mortem damage (Bower et al. 2005; Ho et al. 2007) . Mosaic sequences as a result of jumping PCR (Pääbo et al. 1990 ) between either different genomes of a polyploid (Allaby et al. 1999) or between nuclear genes with multiple copies such as ribosomal DNA, or PCR slippage in the case of microsatellites, have to be identified and eliminated by sequencing cloned PCR products. Multiplex PCR, that is the simultaneous amplification of several target regions, has so far not been realised in plant aDNA. Generally, target regions between 90 and 300 bp (base pair) are amplified. Quantitative realtime PCR may be used to establish the amount of target sequences preserved, but, due to the degradation process, we doubt that real-time PCR is useful, for example, for identification of ploidy levels in archaeological remains. In contrast, pyrosequencing (Ronaghi 2001; Margulies et al. 2005) , employed in whole genome sequencing of modern organisms, though still very expensive, could be useful in ancient plant genetics in the future (e.g. for ploidy identification) as it does not rely on PCR amplification.
Other methods that are common in modern molecular plant biology, in particular those employed to study populations or genetic diversity such as RAPD or AFLP and related methods, are problematic with archaeological plant remains, because templates are damaged and degraded. This aDNA damage results in absent bands (=allelic dropouts) or in artificial bands, produced by the presence of co-extracted contaminating modern or archaeological plant material or by polyploidy or gene duplication. Nevertheless, some reports have been published (Siles et al. 2000; Suh et al. 2000; Iniguez et al. 2003; Gyulai et al. 2006) .
In principle, knowledge of DNA sequences in living plants is required for aDNA studies. Such sequence information can be found in public databases such as GenBank/ EMBL (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi). Unfortunately, some plants, especially those of European origin, are clearly underrepresented in these databases.
Verification in plant ancient DNA research Most plants have small seeds. As a consequence, most archaeological plant remains are small. Wood, large stonefruits or complete cereal ears are exceptions to this rule. This smallness of plant remains has consequences both for the proof of authenticity, as required in aDNA studies, and for work at the individual level.
Criteria of authenticity were first published in relation to human remains (Cooper and Poinar 2000; Hummel 2003) , and were only later suggested in the context of plant aDNA (Parducci and Petit 2004) . They involve several different strategies (such as strict separation of pre-and post-PCR areas, an inverse relationship between amplification success and target length, reproducibility, and preferential amplification of plastid DNA over single copy nuclear DNA, although exceptions to this rule were reported: Banerjee and Brown 2002; Gilbert et al. 2007b ) and ultimately acknowledge a sort of ''common sense'' to ensure the ancient origin of the DNA sequences found (Pääbo et al. 2004; Gilbert et al. 2005) . In plant aDNA research, ensuring the authenticity of the sequences and the exclusion of contaminants is comparable to the problem of excluding modern human DNA in human aDNA work, but it can be easier to achieve, for example by using speciesspecific primers in cases of morphologically identified plant taxa.
Contamination of archaeological plant remains can come from different sources. Vast quantities of pollen from modern plants are present in the air. In the soil seeds and roots can come into contact with the ancient specimen. Also during identification using modern reference specimens, contamination with modern DNA can occur and in principle, archaeological plant remains can contaminate each other, for example in storage assemblages. Pollen is even smaller than seeds. Cross-contamination with modern pollen, for example during periods of pollen dispersal of outbreeding species such as Pinus is very possible, both during excavation or later stages of preparation. The problem is less serious with inbreeding species such as wheat. Adequate precautions to avoid pollen contamination during sampling and in the lab should be taken.
The important requirement of reproducibility within the same individual is impossible to fulfil in the case of small seeds. It has been argued that, in these cases, reproducibility can be either the amplification of several targets from one sample and/or the successful analysis of other individuals from the same sample or from samples from the same layer (Allaby et al. 1997; Blatter et al. 2002a; Manen et al. 2003; Pollmann et al. 2005) . With larger specimens, independent verification and reproduction of results from the same individual is possible (Liepelt et al. 2006 ). Other Veget Hist Archaeobot (2008) 17:233-244 237 important points for authentication concern appropriate molecular behaviour and phylogenetic sense. These are exigencies that can be fulfilled even with small botanical remains. However, a decision based on phylogenetic sense depends on the taxonomic level, on the current knowledge of molecular diversity at a particular genetic locus, or on known ancestry. Because of the possibility of pre-laboratory contamination, independent lab verification is useful only in certain cases, when novel or unexpected results are obtained, such as the first identification of Neanderthal sequences (Pääbo et al. 2004 ). Independent verification in a different laboratory and/or plausible authentication arguments have for example recently been presented by Jaenicke-Després et al. (2003), Erickson et al. (2005) , Pollmann et al. (2005) and Liepelt et al. (2006) . We follow the reasoning of Gilbert et al. (2005) that in every publication on aDNA, sufficient and congruent evidence must be presented to support the authentic origin of the results obtained, so that the reader can evaluate the validity of the results: ''…, we advocate that readers, reviewers and authors ask 'What information is presented here that makes the results and/or conclusions believable?' and ''Is there any reason to not believe this?'' (Gilbert et al. 2005 ).
Preservation
The predominant archaeological plant remains are seeds, pollen and wood; leaves are rarely found. In particular seeds and pollen, as the plant's reproductive organs, are intended for long-term DNA preservation and are often protected with a sturdy or lignified exocarp. They are thus an ideal source for DNA.
Archaeological plant remains from European sites are often retrieved from sediments by flotation with water. Exceptions are storage assemblages or large specimens collected in situ, from desert-like sites or other more exceptional excavation sites. The effects of water flotation on DNA content and preservation after recovery have not been studied so far.
At first glance, charred remains do not seem to be favourable for DNA survival. This is clearly reflected by low success rates with charred wheat remains (Brown et al. , 1998 Allaby et al. 1997; Schlumbaum et al. 1998; Blatter et al. 2002a ). However, these independent publications support DNA survival in a few cases, possibly because of exposure to low fire temperatures. Charring experiments suggest the preservation of DNA under conditions of low oxygen and low temperatures (below 200°C), temperatures such as exist in smouldering fires or below the surface, for example in storage pits (Chalfoun and Tuross 1999; Threadgold and Brown 2003) . In this case, the challenge will be to develop morphological non-destructive criteria to detect those plant remains which have undergone low enough charring temperatures for DNA survival.
Preservation of aDNA at sites with a hot and dry climate, such as in Egypt, is equally little understood and controversial. Publications on the low success rates of aDNA amplification in humans (Krings et al. 1999) or in cattle (Edwards et al. 2004) , or the complete loss of authentic DNA in papyri from as recently as the 8th century AD , contrast with papers reporting sufficiently good DNA preservation at other but similar sites (O'Donoghue et al. 1994 (O'Donoghue et al. , 1996 Deakin et al. 1998a, b; Graver et al. 2001; Kahila Bar-Gal et al. 2002) . Radish and sorghum remains from these sites are preserved through desiccation and have earlier dates than the papyri.
Similarly, preservation through waterlogging does not seem to favour DNA preservation, as hydrolysis is one of the major decay reactions. However, waterlogged plant remains with a hardy exocarp, such as grape seeds, cherry or olive fruit stones, have been shown to be a good source of ancient DNA (Manen et al. 2003; Elbaum et al. 2005; Pollmann et al. 2005) .
To the best of our knowledge, amplification efficiency has not been studied comprehensively in relation to the preservation condition or type of plant remains. Thus far in plants, remains preserved by desiccation (e.g. from herbarium material), waterlogging or cold offer the best chances for DNA investigations, with similar success rates to those known from animal aDNA studies.
Examples of markers used in ancient DNA studies
In this section, we give some examples of the use of different markers in DNA studies serving different purposes. These can be either so-called universal primers, which are conserved among species and will detect more than one plant species or genome, or specific primers, often from non-coding regions and designed to amplify a single species. In aDNA studies, the size of the target is usually between 80 and 300 bp, and prior knowledge of sequence information is needed in all cases.
It is generally accepted that markers which occur in multiple copies, such as chloroplast or nuclear ribosomal markers have more chances of survival than single copy markers. For this reason, in plant studies chloroplast markers are most often chosen, although nuclear genes carry most of the agronomically important information and have higher mutation rates compared to plastid markers.
Chloroplast DNA markers
The abundance of chloroplasts leads to the potential preservation of numerous target copies. In many plants chloroplasts are inherited maternally, but exceptions exist (e.g. Pinus species). The chloroplast genomes (cpDNA) are organised in a similar way in all plants.
Due to their low mutation rate, most chloroplast markers are phylogenetically informative at higher taxonomic levels such as orders or families (Clegg 1993; Gielly and Taberlet 1994; Savolainen and Chase 2003) . However, some markers are variable enough to be of use even at species level (Pollmann et al. 2005) or, through the geographic distribution of alleles, are useful for the reconstruction of origins (Deguilloux et al. 2003; Erickson et al. 2005) . As a prerequisite, chloroplast-containing tissue must be preserved (e.g. the wheat embryo).
rbcL
The chloroplast rbcL gene codes for the large sub-unit of ribulose-1,5-bisphosphate carboxylase, an enzyme playing an important role in photosynthesis. In aDNA research, rbcL was used for identification of plant orders or families from faeces (Poinar et al. 1998; Hofreiter et al. 2000 Hofreiter et al. , 2003 Kuch et al. 2002) , gut contents , and sediments , for studies on DNA preservation (Banerjee and Brown 2002; Marota et al. 2002) and for authentication purposes (Blatter et al. 2002a; Manen et al. 2003) . The advantage of this locus is that sequences covering almost all plant families can be found in the public databases. The genetic identification of taxa to a higher order using rbcL is rather unsatisfactory compared to morphological identification, which in most cases is to species or genus level, and interpretation of genetic results often relies on prior archaeobotanical or biogeographical knowledge. The taxonomical resolution level of rbcL may be informative enough in cases such as faeces, where the producing animal is known to have had a species-poor, known diet or was living in a region with a restricted and known plant diversity.
trn introns and spacers Non-coding chloroplast regions are more variable and thus more appropriate for use at an intraspecific level. Examples are the spacers between transfer RNA (tRNA) coding segments such as trnL-trnF and trnD-trnT. A segment of the trnL-trnF spacer was used to identify the maternal parent of closely related and morphologically ambiguous Prunus fruit stones (Pollmann et al. 2005) . trnL intron variability differentiates between forest tree genera and was used to reveal authentic genetic information from waterlogged tree remains (Liepelt et al. 2006) .
In higher plants, the length of the spacers ranges from about 300 to 800 bp. As a consequence, in most archaeological samples the use of universal primers such as those suggested by Taberlet et al. (1991) will not be viable, although in the case of a medieval oak sample from France a trnD-trnT sequence of around 300 bp was reported (Dumolin-Lapègue et al. 1999) . In general, primers have to be designed to fit the question to be answered by aDNA analysis. Smaller species-specific targets can be designed if it is known which species are to be expected or overlapping primers can be used to analyze larger intergenic regions.
Initiated by the concept of DNA barcoding, the chloroplast P6loop within the trnL intron was tested for identification of species in processed food and from permafrost samples. Unfortunately, the resolution was found to be low, markers failing to differentiate between archaeologically relevant taxa such as Prunus species or between T. aestivum and Secale cereale .
Mitochondrial DNA markers
In the same way as chloroplasts, mitochondria occur in high copy numbers and are, with exceptions, inherited maternally. However, plant mitochondrial DNA (mtDNA) is very different from animal mtDNA; plants have less mitochondria, and their mtDNA mutates more than ten times slower than cpDNA, or 100 times slower than animal mtDNA (Soltis et al. 1992a; Wan et al. 2004) . For this and other reasons, mtDNA analysis has so far rarely been employed in plant aDNA research. One of the few examples is the use of the Cox II intron to establish the presence of aDNA from grasses at the Iceman site (Rollo et al. 1995) .
Nuclear DNA markers Nuclear DNA has been used in plant aDNA research from the very first studies onwards. In principle, only two copies of a nuclear locus exist per diploid genome. Nuclear DNA carries the important economical and domestication-related traits, and is to be preferred when exploring early selection of these traits (Jaenicke-Després et al. 2003) . Wheat genome-specific glutenin genes have been used fairly extensively in aDNA research, in particular to identify polyploid wheat species (Allaby et al. , 1997 Brown et al. , 1997 Brown et al. , 1998 Schlumbaum et al. 1998; Allaby et al. 1999; Blatter et al. 2002a, b) . Veget Hist Archaeobot (2008) 17:233-244 239 Microsatellites, highly polymorphic single-copy loci spread throughout the genome, are a second example of nuclear DNA useful for aDNA studies. Combinations of microsatellite loci are diagnostic for many plant cultivars, and employed to trace cultivar origins. One of the problems inherent in the use of microsatellites in aDNA research is that dinucleotide repeats are most common and microsatellites are often longer than the 90-300 bp length usually amplified. They are easily amplified incorrectly due to polymerase slippage during PCR or due to degradation of the target. In such cases, cloning of several PCR products is needed to identify the correct satellite length. Eight microsatellite loci have recently been determined to be standard for cultivar identification in grapevines . Two of these, plus an additional locus, were used in a study of V. vinifera seeds from different European archaeological sites (Manen et al. 2003) . Sequencing of the ancient amplification products yielded new sequence variants in ancient vine, that had not been detected in modern cultivars. Similarly, microsatellites have been used to study the spread of maize in South America (Lia et al. 2007 ).
The nuclear alcohol dehydrogenase locus (adh) is highly variable in maize due to its repeat structure and length variations. The locus was used to investigate biogeography, spread and diversity in maize (Goloubinoff et al. 1993; Freitas et al. 2003) .
As more genomes are sequenced completely and more genes are identified, more genes which have been selected during domestication will be discovered and their functions characterised. It has been shown that it is possible to analyse small (approximately 90 bp) targets of such nuclear genes (su1, tb1, pbf) in ancient maize and to use this information to refine our understanding of domestication processes (Jaenicke-Després et al. 2003) .
Nuclear ribosomal DNA loci Finally, nuclear ribosomal DNA (rDNA) genes are of interest for aDNA research, as they contain hundreds of units of two variable spacer regions between the 18S, the 5.8S and the 26S genes, the so-called internal transcribed spacer regions 1 and 2 (ITS1 and ITS2), thus increasing the chances of DNA survival. These loci have been employed for phylogenetical analysis at the genus level in modern plants (Knaak et al. 1990; Soltis et al. 1992a; Alvarez and Wendel 2003) . However, they have the disadvantage that different copies within one diploid individual or several copies within polyploids can exist (Knaak et al. 1990; Soltis et al. 1992a; Alvarez and Wendel 2003) , which may result in the amplification of mosaic sequences caused by ''jumping PCR''. In aDNA research they have been used in sorghum (Deakin et al. 1998a, b) , in wheat (Allaby et al. 1997 ) and in Prunus (Pollmann et al. 2005) . Several methods can be used to identify species. In most aDNA cases, longer targets, with primers spanning approximately 700 bp between 18S and 26S, may not work, but shorter targets can be designed, for example to identify species if the family/genus of the sample is known. In this case too, overlapping primers may be useful.
Concluding remarks
For some plant biologists, the publications about DNA from Miocene Magnolia leaves and similar papers (Golenberg et al. 1990; Soltis et al. 1992b; Poinar et al. 1993) sparked off the interest in plant aDNA. It was a lesson on rapid evolution in scientific research. First came the exciting possibility of using palaeontological and archaeological plants directly to understand evolution and phylogeny without having to use mathematical models. Later came the realisation that the PCR method, although easy to use, had more drawbacks than initially thought (Austin et al. 1997; Sykes 1997; Austin et al. 1998) .
Although limitations still exist, we have shown here that the analysis of plant aDNA has since then evolved into a useful tool for investigating and answering archaeologically and archaeobotanically relevant questions. These include questions such as species identification, origin and spread of cultivated plants or monitoring the state of domestication-questions that cannot be answered by morphological archaeobotanical studies alone.
Today the future of aDNA research looks varied; it can continue to help understand preservation of DNA in different types of plant material, such as material from stalks, glumes, leaves, lignified fruits or from wood, where initial attempts have been made. New technologies such as realtime PCR, or new sequencing techniques such as pyrosequencing will also impact the field of ancient plant genetics, similarly to aDNA research in animals. With the availability of present-day sequences of agronomically important genes and of geographically structured loci, and with the further refining of aDNA methodology, archaeological plant remains can become a key to the understanding of genetic processes linked to human impact. Last but not least, understanding the conditions leading to DNA preservation in plants may help to develop strategies for conservation of DNA in plant DNA banks, to best preserve our heritage (Savolainen and Reeves 2004; Hodkinson et al. 2007 ).
